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Abstract 
The influences of geometrical parameters like adhesive layer thickness and gap-filling on the mechanical properties of adhesively bonded joints 
are investigated by means of experimental studies with controlled parameter variations. In addition, corresponding simulation models are used 
to analyse these effects. As a result, the behaviour of joints under variation of manufacturing parameters can be reproduced with high accuracy. 
Furthermore, the validated simulation models are used to perform sensitivity analysis on a component-like specimen. Based on these studies, 
tolerance ranges can be specified and robust design optimisation can be carried out. 
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1. Introduction 
The adhesive bonding as joining technology plays an 
important role in modern automotive industry. In particular, 
the use of structural adhesives in the car body improves the 
stiffness and crash performance significantly. In recent years, 
a number of material models for the design and calculation of 
adhesively bonded joints have been developed and 
implemented into FE-programs. However, in most FE 
analyses, deterministic parameters for adhesive bonds are used 
to predict crash behaviour. But in automotive mass 
production, geometrical discrepancies always occur affecting 
the mechanical properties of the joint significantly.  
A lot of studies have investigated the influences of 
manufacturing parameters such as surface pre-treatment, 
overlap length, adherend and adhesive thickness on the 
behaviour of adhesive joints [1, 2, 3, 4]. It was found that 
some of the parameters affect the bonding strength and failure. 
However, previous studies are often limited to the 
experimental determination of the correlation between 
geometrical parameters and the mechanical behaviour of the 
joint. The objective of the present study is to present a 
method, how the influences of manufacturing tolerances like 
adhesive layer thickness and gap-filling can be considered in 
the FE-based dimensioning of adhesive joints.  
2. Test specimens and setups 
2.1. Materials and bonding procedure 
The one component epoxy based, crash modified structural 
adhesive BETAMATE 1496 V from DOW Automotive is 
used for all specimens. The curing schedule of 30 min at 
180 °C is adapted to the cathodic dip coating process.  
The butt joint specimen (BJS) in Fig. 1 and thick adherent 
single lap shear specimen (TASS) in Fig. 2 are suited to study 
the influence of the adhesive layer thickness on the strength 
and failure of the joint under tension and shear loading. The 
adherends of both specimens are made of ordinary steel St37k 
(material number 1.0037). To improve the adhesion, the 
bonding areas are pretreated with coated DELO-SACO-PLUS 
corundum grains.  
The LWF-KS-2-peel specimen in Fig. 3 is used to 
investigate the so called gap-filling parameter g, which gives 
the amount of protruding adhesive at the end of the bonding 
area. The T-Joint specimen in Fig. 11 is used for the 
sensitivity analysis and the validation of the proposed method.  
© 2016 The Authors. Published by Elsevier B.V.  This is an open access article under the CC BY-NC-ND license 
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Fig. 1. Geometry of the butt joint specimen (BJS). 
 
Fig. 2. Geometry of the thick adherent single lap shear specimen (TASS). 
 
Fig. 3. LWF-KS-2-peel specimen and definition of gap-filling g. 
 
Fig. 4. Measuring points on the BJS for quasi-static (left) and dynamic load 
(right). 
The microalloyed steel HX340LAD+Z100 (material 
number 1.0933) is used for the LWF-KS-2-peel and T-Joint 
specimen. Due to its good cold formability and yield strength 
in the range of 410-510 MPa, this steel is widely used for 
bodyshells. The adherends of the LWF-KS2-peel- and T-Joint 
specimen are degreased with isopropanol before bonding.  
2.2. Specimen geometries and parameter variations  
The geometries of the BJS and TASS are shown in Fig. 1 
and Fig. 2. Due to the specimen geometries and the much 
stiffer adherends, the stress state in the adhesive layer in 
normal (BJS) and shear (TASS) direction is nearly 
homogeneous. Joints with four different adhesive layer 
thicknesses ta are investigated: 0.15 mm, 0.3 mm, 0.6 mm and 
1 mm.  
The LWF-KS-2-peel specimen in Fig. 3 consists of two 
angled steel sheets with the overlap area of 18x50 mm². The 
adhesive layer thickness is 0.3 mm. Three different gap-
fillings are investigated: 0 %, 50 % and 100 %. The 
manufacturing of different gap-fillings takes place by 
removing of the uncured adhesive with a spatula from the gap 
opening.  
2.3. Testing  
After curing, all specimens are stored for at least 10 days 
under standardized climate conditions (23°C room 
temperature and 50 % relative humidity) and tested 
afterwards. In order to identify the occurring variations, at 
least five specimens are tested for each joint and testing 
configuration. 
The joints are tested with two quasi-static and two dynamic 
testing rates. The quasi-static tests are carried out with strain 
rates of 0.002 s-1 and 0.02 s-1. The displacement is measured 
with a local extensometer directly on the specimen. The 
measuring tips are positioned centrally to the adhesive layer at 
a distance of 12 mm to each other (see Fig. 4, left). The 
corresponding testing machine velocity vm is calculated as: 
 
୫ ൌ ௔ɂሶ Ǣ୫ ൌ ௔ߛሶ  
 
where ௔ denotes the adhesive layer thickness and ɂሶ  and ߛሶ  the 
strain rates in normal and shear direction, respectively.  
In the case of dynamic tests, the initial velocities are also 
calculated with the formula above according to the desired 
strain rates of 50 s-1 and 1000 s-1 of the dynamic test setup. 
For the local displacement measurement a high speed camera 
and an optical point tracking system called GOM are used. 
The position of the measuring points on the specimen is 
shown in Fig. 4, right. More details about specimens and 
setups can be also found in [11]. 
3. Experimental results 
3.1. Layer thickness influence 
Fig. 5 and Fig. 6 show stress-strain curves as results of the 
tests of the BJS and TASS specimen bonded with the four 
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Fig. 5. Test results for BJS specimen: stress- strain curves due to variation of 
layer thickness ta. 
 
Fig. 6. Test results for TASS specimen: shear stress-shear strain curves due to 
variation of layer thickness ta. 
 
Fig. 7. Representative nominal stress- displacement curves of LWF-KS-2-
peel specimen due to different gap-fillings g. 
different adhesive layer thicknesses mentioned and tested at 
the strain rate of 0.002 s-1. For a convenient illustration, only 
one curve for each configuration is displayed, which is 
justified by the low scattering of the test data.  
The adhesive shows an elasto-plastic behaviour. After the 
yield stress is exceeded (about 27 MPa in normal and about 
20 MPa in shear direction), strain hardening takes place until 
the stress maximum is reached. After passing the maximum 
strength, the adhesive softens until fracture. The thickness of 
the adhesive layer has an influence on the ultimate stress and 
failure strain. Increasing layer thickness leads to decreasing 
critical and failure strains appearing at the stress maximum or 
at failure respectively. A higher layer thickness reduces the 
failure strain from ε0.15mm = 0.7 at the BJS and γ0.15mm = 1.3 for 
the TASS to ε1.0mm = 0.3 and γ1.0mm = 0.8, respectively.  
3.2. Gap-filling influence 
The results for the LWF-KS-2-peel specimen with 
different gap-fillings are presented in Fig. 7. The nominal 
stress is calculated as the ratio of the measured force to the 
initial adhesive area. The change of gap-filling in the peel 
specimen has a significant influence on the load maximum. It 
can be explained by stress concentrations with subsequent 
crack initiation in the bond line at a gap-filling of 0 %. The 
change in the gap-filling from 0 to 50 % leads to an increase 
of the stress maximum from about 7 MPa to 9 MPa and more. 
The softening behavior of the joints is not effected by various 
gap-fillings. 
4. Finite element analysis 
4.1. Details 
The numerical investigations are carried out with the FE 
program LS-DYNA. Fully integrated solid elements for the 
adherends and the adhesive layer are used in the FE models of 
the TASS, BJS and LWF-KS-2-peel specimen. The adherends 
of the TASS and BJS specimen are modeled with the elastic 
parameters of steel, because no plastic deformation occurs. In 
contrast, the adherends of LWF-KS-2-peel specimen are 
modeled with elastic-plastic material behaviour by use of true 
stress-strain curves at different strain rates. One element 
through the thickness is used for the adhesive layer. The 
Toughened Adhesive POlymer model (TAPO-model, 
*MAT_252) is applied to the adhesive. The TAPO-model is 
available since LS-DYNA R7.1 and comprises a yield 
function depending on the first invariant of the stress tensor 
and the second invariant of the stress deviator as well as a 
non-associated plastic flow rule [5]. Furthermore, the model 
contains nonlinear hardening, which increases the yield stress 
parameter depending on the effective plastic strain. The rate 
dependency and the damage evolution are in accordance with 
the Johnson-Cook model [6]. Further information about the 
constitutive modelling can be found in [7, 8, 9]. 
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Fig. 8. Stress-strain curves of BJS for adhesive layer thicknesses in the range 
of 0.15 mm to 1.0 mm. 
 
Fig. 9. Stress-strain curves of TASS for adhesive layer thicknesses in the 
range of 0.15 mm to 1.0 mm. 
 
Fig. 10. Force vs. displacement curves for LWF-KS-2-peel specimen with 
various gap-filling. 
4.2. Parameter identification 
The parameter identification for the TAPO-model is 
accomplished with the optimisation software LS-OPT by 
means of experimentally determined stress-strain curves of 
the BJS and TASS specimens. The adhesive layer thickness is 
0.3 mm and the testing strain rate 0.002 s-1. Three 
experimental curves are used as target functions for the 
optimisation to achieve the best parameter set. The mean 
squared error is the objective function in the metamodel based 
optimisation.  
4.3. Numerical results 
The results of the simulations are compared to the 
experimental observations in Fig 8, 9 and 10. The 
characteristics of the adhesive layer under tension and shear 
loading are the stiffness, yield stress, ultimate stress and 
failure strain, which are predicted in the simulation with very 
high accuracy. However, the experiments have shown that the 
adhesive layer thickness has a significant influence on the 
mechanical behaviour of joints. To predict this influence in 
the simulation, material parameters for every expectable 
thickness are needed and have to be identified, which is 
inconvenient.  
The stress-strain curves in Fig. 5 and Fig. 6 show that the 
adhesive layer thickness has an influence on damage initiation 
and failure. Thus, different sets of parameters are identified 
for damage initiation and failure for each adhesive layer 
thicknesses of 0.15 mm, 0.6 mm and 1.0 mm. It has been 
found that the identified parameters are in an almost linear 
relationship to the layer thickness in the range of 0.15 mm to 
1.0 mm. A functional relation between these parameters and 
the layer thickness allows the prediction of the mechanical 
behaviour of any layer thickness. To verify this method, the 
adhesive layer thickness is defined as a variable with the 
uniform distribution in the range of 0.15 mm to 1.0 mm. With 
the softwares LS-OPT and LS-PrePost seven simulation 
models of the BJS and TASS with different adhesive layer 
thicknesses are constructed and calculated, respectively. The 
comparison between the predicted and experimentally 
determined stress-strain curves is presented in Fig. 8 for the 
BJS and Fig. 9 for the TASS, respectively. As it can be seen, 
the proposed approach allows the prediction of the different 
mechanical behaviour due to varying layer thicknesses in the 
range of 0.15 mm to 1.0 mm with high accuracy.  
The comparison of the calculated response with the 
experimentally determined force-displacement curves is 
shown in Fig. 10. The results allow the investigation of the 
influence of the gap-filling on the mechanical properties of 
the adhesively bonded joint under peel load. To predict this 
influence, FE-models with different gap-fillings are built and 
calculated. The values of the gap-filling parameter, according 
to the definition in Fig. 3, are achieved by deletion of 
elements of a totally filled gap of 100 % gap-filling. The 
increase of the maximum force with an increasing gap-filling 
is predicted with high precision. 
 
325 G. Schwarzkopf et al. /  Procedia CIRP  43 ( 2016 )  321 – 326 
 
Fig. 11. Test setup of T-Joint specimen. 
 
5. Sensitivity analysis and validation 
5.1. FE-model 
The aim of the sensitivity analysis is to show, how the 
change of input variables, such as adhesive layer thickness 
and gap-filling, influence the model response of the 
component like T-Joint specimen, which is typically used for 
the validation of methods concerning different joining 
technologies. The sensitivities of the manufacturing tolerances 
on the properties of the adhesive joint, like the force 
maximum or the energy absorption, are quantified. The results 
will be used for the validation of the proposed method. 
The T-Joint specimen is virtually designed with the 
software HyperMesh. The FE-model consists of a longitudinal 
beam-crossbeam joint. The two bearers are joined to each 
other via three adhesive layers, two on the top and one on the 
rear. The test setup for the T-Joint specimen under 
longitudinal loading is illustrated in Fig. 11. The lower beam 
is fixed at both ends. To reduce the deformation in the 
crossbeam, an expandable inner core and an impact element 
are used. The load is applied using an impactor with velocity 
of 2 m/sec.  
Fully integrated shell and solid elements are used in the 
FE-models for the metal sheets and the adhesive. The 
clamping device is modeled by suppression of all degrees of 
freedom of the nodes in the clamping area.  
 
The sensitivity analysis is performed with the program LS-
OPT. Seventeen simulation designs with different adhesive 
layer thickness values, gap-fillings and spot weld positions are 
investigated. Therefore, the adhesive layer thickness, the gap 
filling and the position of the spot welds of the crossbeam are 
defined as variables. The ranges of the layer thicknesses, the 
gap filling and the spot weld position are defined from 
0.1 mm to 1.0 mm, 0 % to 100 % and ± 5 mm, respectively. 
The model response is a force-displacement curve computed 
by the FE-software LS-DYNA. The mean square error is used 
as the objective function. The sensitivities are computed 
according to the method of Sobol [10] as: 
 
Fig. 12. Predicted force-displacement curves of T-joint specimen due to 
variation of the manufacturing parameters. Black crosses represent the initial 
configuration. 
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where Si denotes the Sobol’s index for variable i.  
 
5.2. Results 
The results of the sensitivity analysis are presented in Fig. 
12. The parameter variation results in a different mechanical 
joint behaviour. The maximum force and the failure 
displacement are the most affected properties. The sensitivity 
analysis shows that the thickness of the rear adhesive layer in 
particular has the most influence on the mechanical behaviour 
of the joint under longitudinal loading. The load at this 
bonding area causes shear stress in the adhesive layer and 
thus, a high force transfer. Accordingly, the change of this 
layer thickness has a huge influence on the global behaviour 
of the specimen. An evaluation of the LS-OPT results for the 
two curves with the smallest failure displacement and lowest 
maximum force show that the most critical joint configuration 
is that of the rear adhesive layer thickness with 0.1 mm and 
1.0 mm for two other bonding layers above. This parameter 
combination leads to high deformations at low forces in the 
layers above and high forces at low deformations in the rear 
layer and thus, to early failure. Compared to the initial design 
and both critical ones, the maximum force and the failure 
displacement decrease from about 16 kN to about 12 kN and 
from 20 mm to 10 mm, respectively.  
6. Conclusion 
The mechanical properties of structural adhesive joints 
depend on geometrical parameters like adhesive layer 
thickness and gap-filling. As a result, the higher adhesive 
layer thickness reduces the failure strain in normal and shear 
direction. The influence on the maximum stress is stronger in 
shear direction. To predict the influence of the parameters on 
the mechanical behaviour of bonded joints, numerical 
investigations are carried out. A linear relationship between 
the layer thickness and the damage initiation as well as the 
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failure parameters is observed by means of the tests to the BJS 
and the TASS. Layer thickness values in the range from 
0.15 mm to 1.0 mm have been investigated. The different 
maximum peel loads, observed in the tests of the LWF-KS-II-
peel specimen due to different gap-fillings, is predicted in the 
simulation with high accuracy. Based on these results, a 
sensitivity analysis on the component-like T-Joint specimen is 
carried out. Too high tolerances in the manufacturing process 
of bonded joints lead to a significant reduction of the 
mechanical properties of bonded components and structures. 
Based on these studies, tolerance fields for robust adhesive 
bonding processes can be defined.  
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